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Introduction
A moving tropical cyclone is an intense source of surface wind stress that causes many significant changes in the ocean wave characteristics such as the significant wave height, directional wave spectra, and wave propagation. These features have been well identified in open oceans in the western Atlantic/eastern Pacific regional seas, that is, the Hurricane Region (hereafter referred to HR). A hurricane with intense and fast-varying winds produces a severe and complex ocean wave field that can propagate for thousands of kilometers away from the storm center, resulting in dramatic variation of the wave field in space and time (Barber and Ursell 1948) . To investigate the wave characteristics, the directional spectra of hurricane generated waves were measured using various instruments. For example, the fetch effect was detected in the Celtic Sea using the high-frequency radar. The wave characteristics were obtained for the northeast Pacific during passage of storm using the synthetic aperture radar image from ERS-1 satellite (Holt et al. 1998 ). The spatial wave variation of hurricane directional wave spectra were identified for both open ocean and landfall cases using the NASA scanning radar altimeter (Wright et al. 2001; Walsh et al. 2002) . Hwang and Wang (2001) computed the directional wave spectra from the ocean surface topography.
The ocean wave response identified in HR is a significant right-forward-quadrant bias in the significant wave height. During the passage of Hurricane Bonnie (1998) in the Atlantic Ocean, both observational (Wright et al. 2001 ) and modeling (Moon et al. 2003 ) studies show that the significant wave height reaches 14 m in the open ocean. The maximum wave heights appear in the right forward quadrant of the hurricane center and propagate in the same direction as the hurricane. Moon et al. (2003) simulated the wave characteristics successfully using the wave model WAVEWATCH-III (hereafter referred to WW3) and found that the hurricane-generated wave field is mostly determined by two factors: the distance from the hurricane center or radius of maximum winds (RMW, represented by R max ) and hurricane translation speed. For the case of a hurricane with low translation speed, the dominant wave direction is mainly determined by the distance from the hurricane center. However, most of the observational and modeling studies on ocean waves generated by tropical cyclones are focused in HR. Few observational and/or modeling studies have been conducted in the Typhoon Region (hereafter referred to TR), especially in the South China
Sea (SCS).
The SCS is one of the largest marginal seas of the Western Pacific Ocean, extending across both tropical and subtropical zones and encompasses a total surface area of 3.5× 10 6 km 2 ( Figure   1 ). Also due to its semi-enclosed nature, the SCS is subject to high spatial and temporal variability from external forcing factors. One significant source of the SCS variability is the tropical cyclones that routinely affect the region. The WW3 has been implemented and verified for the SCS using the TOPEX/POSEIDON (T/P) satellite data (Chu et al., 2004) . Our goal in this study is to identify if those effects occurring in HR still exist in TR. More specifically, we study the SCS responses to
Typhoon Muifa (2004) using WW3.
The outline of the paper is as follows. Section 2 describes movement of typhoon Muifa 2004 over the SCS. Section 3 delineates the establishment of the wind data using the NASA QuikScat (QSCAT) Level 3 data and the tropical cyclone wind profile model (TCWPM). Section 4 depicts the WW3 model. Section 5 describes significant wave height. Section 6 presents the directional wave spectra. Sections 7 and 8 show the effects of typhoon translation speed and intensity on the wave characteristics, and Section 9 gives the conclusions.
Typhoon Muifa 2004
Typhoon (TY) Muifa is one of the four tropical cyclones passing by the SCS in 2004. It was formed on 11 November and weakened over land on 26 November. The best track passage of TY Muifa (Figure 2 ) and best track record (Table 1) were provided by the Joint Typhoon Warning
Center (JTWC 2005) . The translation speed of TY Muifa is calculated from the distance between typhoon center positions reported by JTWC (Table 2) .
Forming over the Western Pacific
TY Muifa was first generated as a tropical depression on 11 November 2004 in the Western North Pacific Ocean. It moved steadily northwestward passing north of Palau before entering the Philippine Sea. The disturbance was first mentioned by JTWC at 1600UTC 13 November, approximately 400 km north of Palau. The depression was developed into a tropical storm on 14
November. According to its strength, the Japan Meteorological Agency first named it Muifa.
However, the Philippine Atmospheric, Geophysical, and Astronomical Services Administration assigned the name Unding at 0000UTC 14 November after the tropical cyclone had invaded their area of responsibility.
Tropical Storm (TS) Muifa was steadily upgraded and moving west-northwestward to the Philippines. It began the clockwise loop at 1200UTC 17 November and continued for several days.
On 18 November, the intensity of TY Muifa reached the maximum intensity at 54.0 m/s (115 knots) at 1200UTC and then began a remarkable weakening phase. 
Entering the SCS
Weakening
Muifa was weakened to 15.4 m/s (30 knots) and downgraded to tropical depression status at 1200UTC 25 November. At 0000UTC 26 November Muifa turned northward into an environment of increased wind shear and as the intensity had fallen to 12.9 m/s (25 knots), JTWC issued the final warning on TC Muifa. The final position was 250 km south-southwest of Bangkok, Thailand.
Typical Locations along the Typhoon Track
Along the track of the TY Muifa passage, the translation velocity, low pressure, intensity, The typhoon intensity is much weaker at L-IV than at L-II.
Typhoon Winds
During the typhoon seasons, in-situ measurements are difficult to conduct. Remotely Due to the spatial coverage, the strong rotational motion from TY Muifa may not be represented in the QSCAT data ( Figure 50 ). To overcome this deficiency, a Tropical Cyclone
Wind Profile Model (TCWPM) (Carr and Elsberry 1997 ) is used to produce the high resolution gridded surface wind field for TY Muifa.
Tropical Cyclone Wind Profile Model
A tropical cyclone wind profile model (TCWPM) (Carr and Elsberry 1997 ) is used to establish a high-resolution surface wind field for TY Muifa 2004. Let (R s , R 0 ) be the radius of scale, and radius of zero tangential velocity inside a tropical cyclone. Based on the angular momentum balance, Carr and Elsberry (1997) proposed a model to compute the wind vector relative to the center of the tropical cyclone,
where r is the horizontal distance to the storm center; (u c , v c ) are the radial and tangential velocity components; γ is the inflow angle of the wind as it spirals into the center of the cyclone; a is a scaling factor (a = r/R s ) that makes v c (r) continuous at the center of the tropical cyclone; X is a positive constant less than 1. Considering the beta effect propagation, Carr and Elsberry (1997) proposed a value of X = 0.4.
To prevent a large discontinuity at the periphery of the storm however, the background wind field (V bg ) is blended into the tropical storm wind field. Let V c = (v c , u c ) be the wind vector relative to the TY center and V t be the translation velocity (Table 2) . Adjustments were made near the storm's periphery to smooth the transition between the background and storm wind fields. This was done by a weighted average inside and outside of the tropical cyclone,
where ε is the weight
The effects of these adjustments are to increase the weighting on the storm wind gradually and decrease the weighting on the background winds as the radial distance to the storm center decreases. Both effects provide for a smoother transition between the storm wind field and the background wind field.
Determination of Model Parameters
In TCWPM, as described in (1), the tangential wind depends on ( r , s R , 0 R ). Carr and Elsberry (1997) November.
Background Winds
The background wind vector term ( It represents the dominant winter monsoon during the period of TY Muifa passage in the SCS.
QSCAT-TCWPM Winds
With the mean QSCAT wind data as bg V , the total wind field is computed from 0000UTC 
WW3 Model
Description
The wave spectrum F is generally a function of all phase parameters (i.e., wave number k, direction , intrinsic frequency σ, and absolute frequency ω), space (x), and time (t),
However, the individual spectral components are usually assumed to satisfy the linear wave theory (locally) and to follow the dispersion relation,
where d is the mean water depth and U is the (depth-and time-averaged) current velocity. When the current velocity vanishes, only two-phase parameters among (, k, ) are independent. Current wave models use the frequency-direction (, ) as the independent phase variables.
WW3 uses the wavenumber-direction (k, ) as the independent phase variables (Tolman, 1999) . Without currents, the energy of a wave package is conserved. With currents the energy of a spectral component is no longer conserved (Longuet-Higgins and Stewart 1961), but the wave Whitham 1965; Bretherthon and Garrett 1968) . In WWATCH, the balance equation is for the wave action spectrum.
Model Setting
WW3 has two types (mandatory and optional) of model switches for users to choose. (ETOPO5) is used.
Discretization
The model is implemented for SCS (0  o to 
with
The wave direction () grid spacing is 15 o (i.e., Δ = 15 o ).
Four time steps are used in WW3 to reach computational efficiency: (a) global time step (300 s) for the propagation of the entire solution, (b) spatial time step (300 s) representing the spatial propagation, (c) spectral time step (300 s) for intra-spectral propagation, and (d) source time step (100 s) for the source term integration.
Model Integration and Verification
WW3 is integrated from the JONSWAP wave spectra (Hasselmann et al. 1973 (Hasselmann et al. , 1980 Variation of the directional wave spectra during TY Muifa passage is represented using 6-hourly spectral evolution ( Figure 14 ) from 1800UTC on 20 November to 1800UTC on 22
Significant Wave Height
November. While the winds increase and turn counterclockwise as TY Muifa passing by, the waves are generated along with the turning wind directions. As the typhoon located right on L-II at 1800UTC on 21 November, the wind speed significantly decreases and the wind vector shifts to the opposite direction. A wide range of waves are generated with monsoon dominated swell in the southwestward direction, and that, as typhoon wind changes rapidly in speed and direction, a pair of wave packets are generated at the time of typhoon arrival ( Figure 14e ). These typhoongenerated waves, especially in the opposite direction to monsoon winds (i.e., the northeastward direction) decay fast but still exist four days after the typhoon departure. 
Effect of Typhoon Translation Speed
Effect of Typhoon Intensity
Typhoon has the same translation speed but different intensity at L-II and L-IV.
Comparison of H s and directional wave spectra between L-II and L-IV leads to the effect of typhoon intensity. Figure 15 shows that the maximum s H is at least 5 m larger and located closer to the typhoon center at L-II than at L-IV. This is because the typhoon is stronger with smaller m R at L-II than at L-IV. As the typhoon translation speed increases significantly at L-IV (7.29 m/s), the shape of s H contours becomes elliptic.
The directional wave spectra at the typhoon center clearly show the following features. The waves are generated in both frontward and backward directions for higher typhoon intensity [L-II, Among the four locations around the typhoon center, the directional wave spectra are very different at locations (F, R, and L) but less different at location B between L-II and L-IV. At locations (F, R, and L), two wave packets are generated in both upwind and downwind directions for high typhoon intensity (Figure 17 ), but only one wave packet is generated in downwind direction for low typhoon intensity (Figure 19) . The difference between L-II and L-IV (comparing Figure 17 with Figure 19 ) is much larger than the difference between L-I and L-III (comparing Figure 16 with Figure 18 ). This indicates that the effect of typhoon intensity is much larger than the effect of typhoon translation speed on the SCS wave characteristics.
Conclusions
This study investigates the South China Sea wave characteristics using WW3 with winter typhoon forcing. The waves were generated in both frontward and backward directions for higher typhoon intensity, but only in the frontward direction for lower typhoon intensity. When the typhoon intensity was reduced (from L-II to L-IV), the directional wave spectra were very different at the frontward, rightward, and leftward locations. Two wave packets were generated in both upwind and downwind directions for high typhoon intensity, but only one wave packet was generated in downwind direction for low typhoon intensity. However, the directional wave spectra were less different at the backward location. For the typhoon-generated waves in the South China Sea, the factors affecting its wave characteristics with their importance from large to small are listed as follows: typhoon intensity, distance and direction from typhoon center, the typhoon translation speed, monsoon, and topography.
As the typhoon passed by, wind speed and direction changed rapidly. Stronger intensity with slower translation speed usually generated a pair of wave packets. The typhoon-generated waves can propagate across the South China Sea farther than 1000 km in distance. Along the wave propagation direction, the obstructions of coastline and small islands generated the wave shadow zones. This feature implies that the SCS, a semi-close marginal sea, can be considered as an independent wave system from nearby oceans except the energy transform through the Luzon Output of boundary points in grid preprocessor o2
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